The expansion of wind energy development has resulted in larger wind farms and closer placement of turbines to utilize the space available. Each turbine produces a wake that affects downstream turbines, which causes issues such as production loss, blade loading, and fluctuating electrical output. To minimize this impact, the wake produced by turbines must first be understood. Experimental methods were used in the exploration of the wake effects of wind turbines. Smoke visualization inside the University of Waterloo Wind Generation Facility was used to determine the helical vortex wake distribution behind a 3.3 m diameter turbine as well as the tip vortex shedding from the blade.
D r a f t 1 D r a f t D r a f t
Introduction
Increasing energy demands and the desire for cleaner electricity sources have fueled the development of renewable energy, especially wind energy. More wind farms are being developed with increased density of turbine spacing to utilize areas with high wind conditions. Therefore, wind turbine interaction is becoming a greater concern when developing and operating wind farms.
Wakes are produced by wind turbines which affect other downstream turbines. This can cause blade loading problems, affect rotor performance, cause fluctuating electrical output, and reduce production (Stevens and Meneveau, 2017) . Therefore, it is important to study turbine wake effects to be able to design wind farms to understand and reduce the effects on downstream turbines.
Several methods have been explored in previous works to measure or simulate the behaviour of wakes. Some key behaviour characteristics include, velocity deficit distribution, turbulence distribution, wake recovery, meandering, and expansion (Stevens and Meneveau 2017). Experimental methods have been applied to wind tunnel tests and field measurements, such as the experiments of Bastankhah and Porté-Agel (Bastankhah and Porté-Agel 2015) , that used a miniature 15 cm turbine inside a wind tunnel to measure the wake velocity. Due to size constraints, wind tunnel tests require scaling of the turbine to fit inside the dimensions of the tunnel, often leading to unrealistic scaling proportions.
Large scale wind tunnel experiments have been conducted, as in the experiments of Krogstad and Adaramola (Krogstad and Adaramola 2011), which measured the wake of a 0.9 m turbine inside of a wind tunnel with a Pitotstatic pressure probe. Using a larger turbine reduces the effects of scaling, however the wind inside of the tunnel had a 0.2% turbulence intensity. In comparison to atmospheric conditions, which typically have a turbulence intensity level in the range of 10% (Trujillo et al. 2010) , the turbulence inside of the wind tunnel does not provide accurate conditions for a real comparison. According to Sanderse (Sanderse 2009), the turbulence intensity has an effect on the wake characteristics, therefore it is important to obtain comparative levels for an accurate study of the behaviour.
LiDARs have been used in previous experiments to measure the incoming wind velocity or the wake behind a utility scale turbine. This is achieved by mounting the LiDAR on the hub or back of the nacelle and directing it D r a f t 4 horizontally to measure the flow. One such experiment (Trujillo et al. 2010 ) modified a ZephIR LiDAR to replace the conical laser pattern to a single laser direction to obtain measurements in the line-of-sight (LOS) direction of the laser.
The LiDAR was then mounted to a tilt-and-pan head to move the laser in various scanning configurations to obtain measurements in the wake of the turbine. However, measuring the wake of a utility scale turbine has issues due to the variability of wind conditions, with changes in wind speed and direction occurring during a measurement campaign.
In order to contribute to accurate wake measurements, the University of Waterloo's Wind Energy Group has the capability to test a 3.3 m diameter wind turbine inside a large open jet wind tunnel with controlled environmental conditions including controlled wind speeds up to 11 m/s and a turbulence intensity of approximately 6% (Gallant and Johnson 2016). The characteristics of wind turbine wakes can be studied and compared to get an understanding of the theoretical and actual behaviour of the wake under controlled wind conditions. Experimental analysis using smoke visualization reveals the wake profile, while a Light Detection and Ranging (LiDAR) measurement device determines the wind velocity in the wake.
Experimental Facilities
A measurement campaign to determine the behaviour of wind turbine wakes was undertaken in the University of Waterloo Wind Generation Facility. The large-scale wind turbine testing facility uses six 75 kW variable speed fans to obtain consistent wind conditions up to 11 m/s in the test area (Gallant and Johnson 2016) with a measured turbulence intensity in the range of 5.9% to 6.2%, making it ideal to represent atmospheric turbulence typical of wind turbine operation. Figure 1 shows the Facility with the fans from the exterior. The blade ignited smoke visualization experiments were performed at a wind speed of 5 m/s and a constant turbine rotational speed of 125 RPM resulting in a tip speed ratio of 4.3. The experiment was conducted with the turbine at a yaw angle of 0° and repeated for a yaw angle of -30°. Three smoke emitters, one for each blade, were attached at the hub of the turbine with tubing running the length of the blade to direct the smoke to the tips of the blade. A remote ignition system was used to ignite the three smoke emitters simultaneously while the turbine was in operation with a set wind speed. Multiple cameras were arranged for several independent views of the test area. Reference markers were placed on the floor and side extending behind the turbine to obtain quantitative measurements from the photos.
The setup of the blade ignited smoke experiment is shown in Figure 5 .
LiDAR Measurements
Wind Light Detection and Ranging (LiDAR) instruments have the capability to measure the velocity of particulates in the air, which are used as seeding material to determine the wind speed (Werner 2005) . The LiDAR uses a laser and the Doppler effect from the scattered light reflected from particulate to calculate the speed of the particles through the laser focal point. Measured particle velocities are analyzed to obtain a representative wind velocity. Through focal length adjustment the LiDAR has the ability to measure various vertical heights and uses a conical sweeping pattern to calculate the direction of the wind and determine velocity directional components.
Based on the modifications of a ZephIR LiDAR by Bingöl (Bingöl 2005) to convert a conical pattern to a line-ofsight pattern, a ZephIR z150 LiDAR was used with the conical pattern for validation and also modified for line-ofsight measurements to determine the wind velocity in the wake of the UW WEG turbine under the controlled wind conditions of the Wind Generation Facility.
Cup and Vane Anemometer Comparison
Before using the LiDAR for wake measurements, it was first evaluated for accuracy (Cayla 2010) . A test was conducted to compare the LiDAR against the cup and vane anemometer attached to the Wenvor turbine. This allowed a comparison at different heights and under atmospheric conditions. The anemometers were located at a vertical height of 10 m and 20 m from ground level for the cup and vane anemometers respectively.
Due to optical constraints on the LiDAR, a minimum measurement distance of 12 m was attainable to compare against the cup anemometer. The vane anemometer was used to verify the wind direction. Five elevations were measured to utilize all of the LiDARs settings and obtain more measurements to determine the wind profile. The measurement heights and reference positions on the Wenvor turbine are given in Table 1 .
The LiDAR was located 18 m horizontally away from the turbine tower to avoid interference due to the conical sweeping of the laser. The LiDAR was placed at a similar distance away from a nearby tree line and ensured that the ground level was equal to the tower. A view of the setup is shown in Figure 6 . Data was collected in 10-minute averages with a sample frequency of 3 Hz over the span of one hour.
Line-of-sight Modification Verification
In order to take measurements in the wake of a turbine, the LiDAR needed to be modified to convert the conical sweep of the laser to a single point line-of-sight system (Bingöl 2005) . This ensures that the measurement position can be placed at a single point and then traversed to gain a profile of the wake. The LiDAR was modified by removing a rotating wedge that alters the laser path to achieve the conical pattern. Therefore, this changes the measurement location in relation to the distance from the LiDAR by the cone angle. In order to use the LiDAR effectively, the new measurement location was confirmed and tests were conducted to ensure the accuracy of the measurements.
To verify the measurement position along the laser, the location of the laser had to be determined since the laser operates in the infrared region of the spectrum. This was achieved using a laser power meter, which registers an increase in power when the laser is directed at the detection area. The setup of the LiDAR is shown in A crosswise image of the smoke with the turbine at a yaw angle of 0° from the blade ignited smoke experiment in Figure 9 shows a typical helical vortex wake distribution as the smoke propagates downstream. The helical distribution can also be seen from the side view photo in Figure 10 for a yaw angle of 0° and Figure 11 for a yaw angle of -30°. In both configurations, a helical pattern can be seen as the smoke propagates downstream. As vortex cylinders are shed from the blades of the turbine, they follow a helical path due to the rotation of the blade. The distance between vortex cylinders in the helical smoke profile was determined from image analysis to be 0.18 D, which denotes the helical distance. The angle of the smoke leaving the tip of the blade, the helix angle, ϕ, was measured also through image analysis to be 30° at the blade tip (Burton et al. 2001 ).
The wake expansion can also be determined from the smoke visualization experiment as seen in Figures 10 and 11. As the smoke moves downstream, the diameter increases due to the wake expansion. The wake radius with the turbine at a yaw angle of 0° was measured to be 0. measurements were extracted from the photos using the reference markers which had a resolution of 10 cm between colour marks. The expansion can better be seen in Figure 12 with the change in wake radius with downstream distances. The turbine radius is 0.5 D resulting in wake expansion occurring for any wake radius values above this.
Mixing was seen to occur at approximately 1.6 D for both yaw angles (0° and -30°). This point can be used to estimate the end of the near wake region, which occurs when the shear layer between the free stream and velocity deficit inside of the wake has grown to reach the centre of the wake (Crespo et al. 1999) . After this point, the far wake region begins.
An upstream view from the rear camera shows the change in wake shape between yaw angles, shown in Figure 13 .
With a yaw angle of 0°, the wake is concentric with the rotor diameter as seen in Figure 13(a) . This changes to an offset oval profile as the yaw angle changes to -30°, shown in Figure 13(b) .
LiDAR Measurement Results

Cup and Vane Anemometer Comparison
The result of the velocity comparison for the LiDAR and cup anemometer is shown in Figure 14 . Due to the limitations of the LiDAR minimum measurable height, the measurements were scaled based on the power law to get equivalent values at 10 m. Both measurements followed the same trend and were within the error of measurements.
However, the data was skewed, which could be the result of the scaling or a bias in the cup anemometer measurements.
Similar to the velocity comparison, the direction measurements also showed similar trends as seen in Figure 15 .
Again, the comparison shows the measurements were within error. Therefore, it was concluded that the LiDAR measurements were of sufficient accuracy to use for wake measurements.
Using the velocity profile obtained from the LiDAR measurements at five different heights, the wind shear could be determined. The result of the horizontal velocity profile along with the velocity profile predicted by the power law and log law from the wind shear is shown in Figure 16 . From the landscape of the surrounding area, the roughness length and roughness exponent could be estimated. Based on a nearby tree line and bushes in the area, it was estimated that the roughness length, z 0 , was 0. The difference between the estimated roughness exponent and roughness length from the LiDAR measurements was 15% and 25% respectfully. This shows the estimated values were within reason. However, the comparison between the LiDAR measurements and shear measurements of Lam resulted in a difference of 33% for the roughness exponent and 85% for the roughness length. This shows a significant difference between the measurements. The difference is a possible result of the duration of measurements, which causes variations in the wind. The LiDAR measurements were conducted for a period of 1 hour and saw a predominate wind direction from the northwest. The measurements of Lam, however, were conducted over a 2-year period and therefore had changes in the wind direction causing the flow to occasionally be coming over the nearby tree line, consequently increasing the roughness measurements. Using only the predominant wind direction over the 2-year period, the roughness exponent reduced to 0.22, showing a closer relation with a 6.8% difference.
Line-of-sight Modification Verification
With the LiDAR accuracy verified under normal operating conditions, the modifications could then be completed and the next phase in the verification process could commence. The laboratory experiments to determine the measurement location of the laser after the line-of-sight modifications were able to detect the nebulizer particles at the anticipated measurement location by correcting the distance from the conical sweeping angle. At a distance of 11.6 m for a LiDAR height configuration of 10 m, the particles were detected. This was shown by an increase in the signal-tonoise (SNR) ratio from the output data. This position was verified within 0.2 m by placing the nebulizer at different positions and determining the position with the highest SNR.
Once the measurement location was verified, the LiDAR was tested inside of the Wind Generation Facility to test the measurement accuracy with controlled wind conditions. The LiDAR was compared against the sonic anemometer.
The results of the measurements for both the LiDAR and sonic anemometer are shown in Table 3 . The results show a close comparison between the mean velocity measurements with a difference of -0.9% and -4.4% for the two velocities tested. The standard deviation, however, showed a higher difference of 33% and 18%, but the magnitude of D r a f t 11 the values was within reason. Therefore, the modifications of the LiDAR were accurate to provide effective measurements for future wake experiments.
Conclusion
Understanding wake behaviour of wind turbines is important for the development of new wind farms and design of wind turbines. This can be achieved through experiments to study the behaviour of the wake to effectively predict the characteristics and dynamics of the flow. Flow visualization and LiDAR measurements are excellent tools to use in experiments to study the behaviour.
The University of Waterloo Wind Energy Group used a 3.3 m diameter wind turbine that operates inside of the Wind Generation Facility to provide controlled wind conditions. The facility can produce steady wind conditions for experiments up to 11 m/s, eliminating the variability of wind when compared to atmospheric conditions.
Smoke visualization was used to determine the wake characteristics such as a helical vortex distribution, tip vortex shedding, and wake expansion inside the Controlled Wind Facility. This was completed with two smoke visualization techniques: one that releases smoke upstream of the turbine directed at the sweeping blade tips and another technique where the smoke is emitted from the tip of a turbine blades. In the upstream smoke ignition method, the formation and downstream propagation of the tip vortices could be seen. The blade ignited smoke visualization showed the helical distribution of the wake. In addition, the expansion from the change in wake radius and point of mixing could also be seen.
Wind Doppler LiDARs measure the speed of aerosols in the wind to calculate the wind speed. A ZephIR z150
LiDAR was measured against a cup anemometer at a height of 10 m to verify the wind velocity measurements. The LiDAR was also measured against a vane anemometer with a 20 m height to verify wind direction measurements. The comparison between the LiDAR and both anemometers showed the same trend and were within error, resulting in the conclusion that the LiDAR had sufficient accuracy to use in the measurement of air velocity. Therefore, the LiDAR was able to be used for further experiments. The LiDAR also took measurements at five different elevations to obtain D r a f t a velocity profile between 12 m and 36 m. Using the profile, the wind shear could be determined while measuring the roughness length and roughness component that agreed with prior measurements.
Once the accuracy of the LiDAR under normal operating conditions was verified, the LiDAR was modified to achieve a line-of-sight configuration of the laser used to obtain point measurements. After the modifications, the LiDAR data were verified to determine the new position of measurements and accuracy of measurements by comparing it against a sonic anemometer inside of the Wind Generation Facility. The LiDAR was therefore concluded to provide accurate measurements to be used for further wake studies. Tables   Table 1: LiDAR measurement 
